Résumé -Des études de résonance paramagnétique électronique (EPR) de haute sensibilité ont été faites pendant illumination avec nos > Eg. Ces expériences ont établi la limite supérieure du rendement quantique de spins paramagnétiques produits par la photoexcitation . Nous avons conclu que les photoexcitations chargées sont sans spin et par conséquent elles ont la relation spin-charge inversée qui caractérise les solitons. Le rapport photoproductif des solitons chargés comparés aux solitons neutres est plus grand que 10 .
Because of the electron-hole (e-h) symmetry of trans-(CH) x , a bondalternation domain-wall (soliton) causes the formation of a localized electronic state at mid-gap /1,2/. The soliton can be neutral with spin 1/2 (one electron in the mid-gap level) or charged + or -with spin zero (zero or two electrons, respectively, in the mid-gap level). The reversed spin-charge relationship for solitons is a direct manifestation of charge fractionalization discovered in the mathematical analysis of spinless fermion systems /3,4/. In trans-(CH) X r the fractionalization and the associated reversed spin-charge relation arise since the localized mid-gap state derives from 1/2 a state from the occupied valence band and 1/2 a state from the empty conduction band, for each sign of spin.
Soliton-antisoliton (S-S) pairs can be generated in trans-(CH) X either by charge transfer doping or by photoexcitation. Dynamical calculations which follow the time evolution of a (CH) X chain after injection of an electron-hole (e-h) pair have been carried out by Su and Schrieffer /5/. They found that the photoinjected e-h pair evolves to S-S in a time of the order of ~ 10 -13 sec.
Initial confirmation of these ideas came from photoexcitation experiments /6,7/. The photoproduction of S-S pairs implies the photogeneration of states in the gap, as observed experimentally /8,9/.
In an attempt to determine the spin-charge relation for the p h o t o i n d u c e d c a r r i e r s , F l o o d e t a 1 / l o / s t u d i e d t h e e l e c t r o n s p i n r e s o n a n c e (ESR) d u r i n g p h o t o e x c i t a t i o n . They w e r e a b l e t o s e t l i m i t s o n t h e quantum e f f i c i e n c y f o r p h o t o p r o d u c t i o n o f s p i n s ( a n d f o r t h e a b s o l u t e number o f p h o t o g e n e r a t e d s p i n s ) .
T h e s e l i m i t s w e r e s e v e r a l o r d e r s o f m a g n i t u d e below t h e e s t i m a t e d QE f o r p h o t o p r o d u c t i o n o f g a p s t a t e s a n d c h a r g e c a r r i e r s .
Thus, F l o o d e t a 1 / l o / c o n c l u d e d t h a t t h e p h o t o g e n e r a t e d c h a r g e c a r r i e r s a r e s p i n l e s s a n d i d e n t i f i e d them a s c h a r g e d S-S p a i r s . S u b s e q u e n t l y , O r e n s t e i n e t a 1 r e v i s e d t h e i r e a r l i e r e s t i m a t e /8/ o f t h e QE f o r p h o t o p r o d u c . t i o n o f g a p s t a t e s .
From a more d e t a i l e d a n a l ys i s o f t h e d a t a , t h e y c o n c l u d e d t h a t t h e RE was a b o u t l o e 2 ( r a t h e r t h a n o f o r d e r u~~i t y ) a t low e x c i t a t i o n l e v e l s / 1 1 , 1 2 / . X o r e o v e r , t h e y f o u n d t h a t t h e s t r e n g t h o f t h e p h o t o i n d u c e d a b s o r p t i o n s a t u r a t e d w i t h i n c r e a s i n g l a s e r pump power.
F o r a c o n t i n u o u s A r l a s e r , t h e y found s a t u r a t i o n a t power l e v e l s a b o v e a b o u t 1 0 m'i, c o r r e s p o n d i n g t o a b o u t 3 x 1012 e x c i t a t i o n s i n t h e t h i n f i l m s a m p l e /12/. B e c a u s e o f t h e i m p o r t a n c e o f e s t a b l i s h i n g t h e s p i n -c h a r g e r e l a t i o n , we h a v e e x t e n d e d t h e s t u d i e s o f ESR d u r i n g p h o t o e x c i t a t i o n . By u s i n g a s p e c t r o m e t e r w i t h h i g h e r s e n s i t i v i t y , w e h a v e b e e n a b l e t o i m p r o v e o u r s i q n a l -t o -n o i s e by more t h a n two o r d e r s o f m a g n i t u d e . C o n s e q u e n t l y , a t low t e m p e r a t u r e s (10 K ) and w i t h a l a s e r power l e v e l o f 10 mW on t h e s a m p l e , we f i n d a n u p p e r l i m i t f o r t h e number ( N s ) o f p h o t o g e n e r a t e d s p i n s , Ns 5 3 x 1 0 l 0 . S i m i l a r m e a s u r e m e n t s a t room t e m p e r a t u r e ( 1 0 0 mW l a s e r power o n t h e s a m p l e ) s e t a n u p p e r l i m i t o f Ns < 6 x l o 9 .
The v a l u e f o r Ns i s two o r d e r s o f m a g n i t u d e below t h e number o f g a p s t a t e s d e t e r m i n e d a t t h e same t e m p e r a t u r e a n d l a s e r power l e v e l b y O r e n s t e i n e t a 1 / 1 1 , 1 2 / . D e n o t i n g y,h a s t h e QE f o r p h o t o p r o d u c t i o n o f c h a r g e c a r r i e r s ( a n d c h a r g e d g a p s t a t e s ) a n d ys t h e QE f o r p h o t op r o d u c t i o n o f s p i n s o u r r e s u l t s p l a c e a l o w e r l i m i t on t h e b r a n c h i n g r a t i o , yCh/ys 2 l o 2 . The c o n c l u s i o n s from t h e s e d a t a a r e t h e f o ll o w i n g :
1) The p h o t o g e n e r a t e d c h a r g e c a r r i e r s a r e s p i n l e s s .
T h i s r e v e r s e d s p i n -c h a r g e r e l a t i o n i n d i c a t e s t h a t t h e p h o t og e n e r a t e d e x c i t a t i o n s a r e s o l i t o n s .
2 ) The b r a n c h i n g r a t i o ( p h o t o g e n e r a t i o n o f c h a r e d s o l i t o n s 4 compared t o n e u t r a l s o l i t o n s ) i s a t l e a s t 1 0 .
F o r t h e s e m e a s u r e m e n t s , a n IBM I n s t r u m e n t s ( B r u k e r ) ESR s p e c t r o m e t e r ( e q u i p p e d w i t h o p t i c a l a c c e s s c a v i t y ) was u s e d . A d d i t i o n a l improvement i n s i g n a l -t o -n o i s e was o b t a i n e d t h r o u g h s i g n a l a v e r a g i n g w i t h a N i c o l e t 1270.
The s a m p l e t e m p e r a t u r e was c o n t r o l l e d by a v a r i a b l e t e m p e r a t u r e H e l i t r a n s y s t e m .
F o r i l l u m i n a t i o n , w e u s e d t h e 2.41 eV l i n e from a n Ar i o n l a s e r .
The s a m p l e s w e r e s e m i -t r a n s p a r e n t f i l m s
um t h i c k ) o f t r a n s -(CHIx which a b s o r b e d m o s t o f t h e i n c i d e n t v i s i b l e l i g h t .
The f i l m s w e r e p o l y m e r i z e d d i r e c t l y o n t h e i n n e r w a l l o f a n ESR t u b e a s &-(CH), and i s o m e r i z e d t o t r a n~-( C H )~ b y h e a t i n g t o 1 8 0° C f o r a b o u t f i v e m i n u t e s .
The d a r k s i g n a l c o r r e - 
t a n d a r d The s e n s i t i v i t y o f t h e a p p a r a t u s t o p h o t o i n d u c e d s p i n s was v e r i f i e d t h r o u g h t h e o b s e r v a t i o n o f u n p a i r e d s p i n s i n s p i n a c h l e a f i n r e s p o n s e t o t h e g r e e n l a s e r l i g h t .
E x p e r i m e n t s were c a r r i e d o u t a t room t e mp e r a t u r e and a t a b o u t 10 K.
I n o r d e r t o m i n i m i z e p o s s i b l e s a m p l e h e a t i n g , h e l i u m g a s was d i f f u s e d i n t o t h e s e a l e d ESR t u b e w i t h t h e s a m p l e p o l y m e r i z e d on t h e i n n e r w a l l .
The s p i n r e s o n a n c e was s t u d i e d d u r i n g i l l u m i n a t i o n u s i n g b o t h s t a nd a r d ESR w i t h c o n t i n u o u s i l l u m i n a t i o n a n d d o u b l e m o d u l a t i o n w i t h chopped l i g h t .
F o r t h e h i g h e r s e n s i t i v i t y d o u b l e m o d u l a t i o n measurem e n t s , t h e l a s e r l i g h t was chopped a t 87 Hz. S i n c e t h i s p e r i o d (-11 msec) i s l o n g compared w i t h t h e d e c a y t i m e s o f t h e p h o t o -i n d u c e d a b s o r p t i o n / 8 , 1 1 , 1 2 , 1 3 / , a n y p h o t o g e n e r a t e d E S R s i g n a l would f o l l o w t h e l i g h t i n t e n s i
i e d o u t t o s e a r c h f o r t r i p l e t s . B e c a u s e o f t h e b r o a d e r sweep, t h e r e i s l e s s s e n s i t i v i t y f o r a g i v e n s i g n a l a v e r a g i n q t i m e .
W e w e r e , however, a b l e t o s e t a n u p p e r l i m i t -o n t h e numbe; o f t r i p l e t s a t less t h a n 2 x 1010.
A t 1 0 K , t h e d o u b l e m o d u l a t i o n t e c h n i q u e w i t h s i g n a l a v e r a g i n g s e t a n u p p e r l i m i t o f 3 x 1 0 l 0 f o r Ns a t g = 2 . B r o a d e r sweeps (60 g a u s s a b o v e o r below g = 2 ) a l s o p l a c e d t h e l i m i t f o r t h e number o f p h o t og e n e r a t e d t r i p l e t s a t 3 x 1010. The a b o v e v a l u e f o r Ns ( g = 2 ) a t 1 0 K was n o t l i m i t e d by t h e s e n s i t i v i t y o f t h e s p e c t r o m e t e r , b u t r a t h e r b y s a m p l e h e a t i n g . Under t h e c o n d i t i o n s d e s c r i b e d a b o v e ( 1 0 mW chopped l i g h t i n c i d e n t o n t h e s a m p l e ) , a weak s i g n a l was o b s e r v e d w i t h m a g n i t u d e 1 0 3 s m a l l e r t h a n t h e d a r k s i g n a l . A l t h o u g h t h i s weak s i gn a l c~u l d r e s u l t from p h o t o g e n e r a t e d s p i n s , t h e c o r r e s p o n d i n g t e mp e r a t u r e c h a n g e ( d u e t o s a m p l e h e a t i n g b y t h e a b s o r b e d l a s e r l i g h t ) n e e d e d t o p r o d u c e s u c h a s i g n a l would b e o n l y a b o u t 10-2 K!
Nevert h e l e s s , t h e o b s e r v e d s i g n a l set a n u p p e r l i m i t o f 3 x 1 0 l 0 o n t h e number o f p h o t o g e n e r a t e d s p i n s .
F o r t h e c o n t i n u o u s and d o u b l e m o d u l a t i o n t e c h n i q u e s w h e r e @ i s t h e p h o t o n f l u x and T i s t h e l i f e t i m e o f t h e p h o t o i n d u c e d e x c i t e d s t a t e . I n t h e i r low t e m p e r a t u r e p h o t o i n d u c e d a b s o r p t i o n s t u d i e s , O r e n s t e i n a n d B a k e r / 8 , 1 1 , 1 2 / h a v e shown t h a t t h e d e c a y i s n o n -e x p o n e n t i a l ( a power l a w ) w i t h t h e s i g n a l f a l l i n g o f f by a f a c t o r o f two i n a few m i l l i s e c o n d s .
Thus, t h e l i m i t on Ns c a n b e r e -e x p r e s -
s e d a s a quantum e f f i c i e n c y , y s , d e f i n e d a s t h e number o f s p i n s g e n e r a t e d p e r p h o t o n . W e f i n d t h e f o l l o w i n g : The c o r r e s p o n d i n g OE ( y c h ) f o r p h o t o p r o d u c t i o n o f c h a r g e d e x c i t a t i o n s w i t h e n e r g y d e e p i n t h e g a p h a s b e e n e s t i m a t e d by O r c n s t e i n t o b e '
somewhat g r e a t e r t h a n / 1 1 , 1 2 / .
P i c o s e c o n d s p e c t r o s c o p y / 1 4 , 1 5 / shows an i n i t i a l r a p i d t i m e d e p e n d e n c e ( t < 1 0 0 p s ) f o l l o w e d b y t h e s l o w d e c a y w h i c h e x t e n d s o u t a l l t h e way i n t o t h e m i l l i s e c o n d r e g i m e . I n t h e p h o t o i n d u c e d b l e a c h i n g s t u d i e s , Vardeny e t a 1 / 1 4 / f i n d
Aa(1500 p s ) / A a ( l p s ) t o b c G x a t 80 K where Aa i s t h e c h a n g e ( < 0 ) i n t h e a b s o r p t i o n a t 2 e V f o l l o w i n g a pump p u l s e . The i m p l i e d
aE ( a f t e r t h e i n i t i a l t r a n s i e n t ) o f t h e l o n g -l i v e d c h a r g e d e x c i t a t i o n s i s t h e r e f o r e ych -3-5 x W e c o n c l u d e t h a t N~~/ N~
= ych/ys 2 l o 2 a t 1 0 K (10 mW l a s e r power i n c i d e n t ) ; t h e p h o t o g e n e r a t e d c h a r g e d e x c i t a t i o n s a r e s p i n l e s s .
Two p r i n c i p a l a s s u m p t i o n s w e r e made i n t h e a n a l y s i s :
i ) That t h e s p i n l a t t i c e t i m e (T1) i s s u f f i c i e n t l y s h o r t f o r t h e p h o t o i n d u c e d s p i n s t o come t o t h e r m a l e q u i l ibrium b e f o r e t h e y d e c a y , found t h a t t h e r i s e t i m e ( -100 u s e c ) o f t r a n s i e n t h e a t i n g s i g n a l was l i m i t e d by i n s t r u m e n t a l r e s o l u t i o n , s o t h a t TI < 100 u s e c a t 1 0 K , c o n s i s t e n t w i t h t h e above measurements.
ii) t h a t t h e l i n e w i d t h f o r t h e l i g h t i n d u c e d ESR would b e comparable t o t h a t o f t h e d
Thus T l << r f o r t h e 0 . 5 eV photo-induced a b s o r p t i o n which h a s been i d e n t i f i e d a s r e s u l t i n g from a c h a r g e d e x c i t a t i o n /12/.
E x t e n s i v e s t u d i e s o f t h e d a r k ESR have d e m o n s t r a t e d t h a t t h e l i n e w i d t h i s due t o t h e h y p e r f i n e i n t e r a c t i o n narrowed by t h e d e l o c a l i z e d n a t u r e o f t h e s p a t i a l w a v e f u n c t i o n and by t h e motion o f t h e n e u t r a l s o l i t o n /18,19/.
S i n c e t h e n e u t r a l s o l i t o n s a r e q u a s i -s t a t i c a t low t e m p e r a t u r e s ( S o l i d S t a t e E f f e c t i n dynamic n u c l e a r p o l a r i z a t i o n s t u d i e s ) , t h e l i n e w i d t h o f l i g h t i n d u c e d s p i n r e s o n a n c e would r e s u l t from t h e same i n t r i n s i c h y p e r f i n e i n t e r a c t i o n and b e no g r e a t e r t h a n t h e 5 G w i d t h o f t h e d a r k s i g n a l .
I n summary, we have c a r r i e d o u t a s e r i e s o f ESR e x p e r i m e n t s on s a m p l e s i l l u m i n a t e d w i t h l i g h t a t photon e n e r g i e s 6 w > Eg.
From t h e s e s t u d i e s , we have been a b l e t o s e t an u p p e r l i m i t on t h e number o f p h o t o i n d u c e d s p i n s and t h e c o r r e s p o n d i n g quantum e f f i c i e n c y f o r p h o t o g e n e r a t i o n o f u n p a i r e d s p i n s . S i n c e Nch/Ns = ych/ys > l o 2 , t h e c h a r g e d e x c i t a t i o n s a r e s p i n l e s s .
I n d e p e n d e n t e x p e r i m e n t s c a r r i e d o u t i n t h e t i m e domain have d e m o n s t r a t e d t h a t pumping w i t h p h o t o n s a t 6 w > Eg l e a d s t o c h a r g e d l o c a l i z e d e x c i t a t i o n s which d i f f u s e o v e r s u b s t a n t i a l d i st a n c e s b e f o r e r e c o m b i n a t i o n and t h a t t h e s e e x c i t a t i o n s a r e g e n e r a t e d i n s t a n t a n e o u s l y ( < 1 0 -l 3 s e c ) . These d a t a , t o g e t h e r w i t h t h e r ev e r s e d s p i n -c h a r g e r e l a t i o n d e m o n s t r a t e d by t h e ESR s t u d i e s , -p r o v i d e d e t a i l e d e x p e r i m e n t a l e v i d e n c e o f t h e r a p i d g e n e r a t i o n o f S-S p a i r s a f t e r i n j e c t i o n o f e-h p a i r s , a r e p r e d i c t e d by Su and S c h r i e f f e r / 5 / and by M e l e /20/. F u r t h e r m o r e , t h e c o n c l u s i o n t h a t yCh/ys 2 1 0 2 y i e l d s i m p o r t a n t a d d i t i o n a l i n f o r m a t i o n ; t h e b r a n c h i n g r a t i o (photop r o d u c t i o n o f c h a r g e d s o l i t o n s compared t o p h o t o p r o d u c t i o n o f n e u t r a l s o l i t o n s ) i s a t l e a s t l o 2 . S c h r i e f f e r e t a 1 / 2 1 / have r e c e n t l y shown t h a t t h i s l a r g e b r a n c h i n g r a t i o i s a fundamental a s p e c t o f t h F i n a l l y , we n o t e t h a t t h e e x p e r i m e n t a l demo n s t r a t i o n t h a t c h a r g e d s o l i t o n s a r e s p i n l e s s i s p a r t i c u l a r l y i nt e r e s t i n g i n a b r o a d e r c o n t e x t .
The r e v e r s e d s p i n -c h a r g e r e l a t i o n
